Two series of Mn-or Fe-promoted zirconia samples were prepared, (i) a series of sulfated-free reference compounds via co-precipitation of aqueous solutions containing zirconium and the promoter cation, and (ii) a series of catalysts via incipient-wetness impregnation of a sulfated zirconium hydroxide. The promoter content was varied between 0 and 5 wt% metal. All promoter-containing materials were calcined at 923 K. The reference materials contained mainly isolated Mn or Fe species incorporated into the zirconia lattice as evidenced by stabilization of the tetragonal zirconia phase, EPR (isolated ions in highly symmetric environment), and a shrinking unit cell volume (XRD) of the tetragonal zirconia phase with increasing promoter content. Only the Mn-promoted catalysts showed such shrinkage in unit cell volume with increasing promoter content. At 2 wt% promoter content, Fe could, and Mn could not be detected by ion scattering spectroscopy on the surface of the catalysts. The Fepromoted catalysts contained Fe2O3-like surface species (EPR, XANES), which could at least in part be removed by washing with oxalic acid. Catalysts were tested for isomerization at 338 K using 1 kPa n-butane in balance of N2. At 0.5 wt% promoter content the maximum rates produced by the 0.5 wt% Mn-promoted and Fe-promoted sulfated zirconia were about 80 and 20 µmol g -1 h -1 , respectively. Mn was thus more effective as a promoter for n-butane isomerization than Fe, despite the more extensive incorporation into the zirconia lattice.
Introduction
The activity of sulfated zirconia for skeletal isomerization of alkanes can be increased by addition of first row transition metal cations. Hsu et al. first presented a catalyst containing 1.5 wt% Fe and 0.5 wt% Mn, 1 and this combination has been studied in detail because of a possible synergy effect between the two promoters. However, there is a controversy as to which individual cations are promoters and which are not. Arata 29 found Mn and Fe to have a positive, and Cr, Co, and Ni to have a negative effect for n-butane isomerization. Yori and Parera 30 ranked Ni > Co > Fe; Cr was also a promoter while Cu was an inhibitor. Ni has been claimed to be equally as good as the combination of Mn and Fe. 24 Coelho et al. 24 and García et al. 28 reported that Mn alone is without effect, Srinivasan et al. 17 inferred Fe to be better than Mn.
Some promoted sulfated zirconia catalysts deactivate rapidly, and the maximum activity may be missed under conditions of high conversion. Analyzing suitable reaction profiles, Lange et al. 31 found the following trend in the maximum rates for n-butane isomerization: Mn > Fe >> Co >> Ni > Zn, i.e. the promoting effect decreased from left to right in the periodic table. All promoted catalysts are similarly selective and predominantly produce isobutane, with propane and pentanes as side products. The first row transition metal promoters have thus qualitatively the same effect, which suggests a common yet unknown mode of operation. The promoting effect of Mn and Fe (and others) on sulfated zirconia has been ascribed to (i) increase of acid strength, 10, 20 some of these experiments were later proven misleading; 11, 15, 16 (ii) facilitated formation and stabilization of carbenium ion and alkene intermediates on the surface, 12, 13 increased dehydrogenation ability, 7, 30 strengthened interaction with carbenium ions, 32 stabilization of the transition state complex on the surface, 7 (iii) a redox trigger of the acid catalyzed process, 2 a different degree of synergism between redox and acid sites, 22 a combination of a redoxactive metal site and an acid site in close proximity with oxidative dehydrogenation as initiating step; 25 and (iv) formation of 'less oxidized' Zr species. 33 Many of these suppositions point towards an interplay between redox and acidic sites, but no clear-cut picture has evolved, and the evidence for the promoter action is mainly indirect. Attempts have been made to characterize the promoter species in iron and/or manganese promoted sulfated zirconia. Srinivasan et al., 17 Hino and Arata, 34 and Tábora and Davis 3 concluded that Fe was present as (small clusters or rafts of) Fe 2 O 3 , and it was stated 3 that there is no isomorphous substitution of Fe into tetragonal zirconia. According to Tanaka et al. 4 and Yamamoto et al., 5 Fe 3+ formed an interstitial-type solid solution with ZrO 2 . Miao et al. 19 suspected that promoters may be present in the form of oxide solid solutions or highly dispersed on the surface. Scheithauer et al. 23 and
Millet et al. 35 reported more than one species, i.e. (isolated) Fe 3+ species besides (nanometer-sized) Fe 2 O 3 . Srinivasan et al. 17 assumed a manganese oxide phase, Tanaka et al. 4 and
Yamamoto et al. 5 detected MnSO 4 in sulfate-containing and Mn 2 O 3 in sulfate-free samples. Scheithauer et al. 23 reported well-dispersed Mn2+. Jentoft et al. 18 identified an average
Mn oxidation state of +3 in the absence of sulfate and of about +2.7 in the presence of sulfate, indicating mixed valences for this element. Coelho et al. 24 and García et al. 36 suggested that Mn helps disperse Fe. In summary, the location and the state of the promoters is thus still a matter of debate. Solid solutions are well known in the sulfate-free systems Mn-Zr-O and Fe-Zr-O. Early systematic investigations were published by Stöcker, 37 ,38 who prepared his solid solutions by rapid co-precipitation from a solution containing cations of Zr and, e.g., Mn, Fe, or Ni, and subsequent heating in reducing or oxidizing atmosphere, typically at 873-1023 K.
Mixing of Zr and Mn [39] [40] [41] [42] [43] [44] or Fe 45 in the solution stage has yielded solid solutions in many cases. Impregnation of ZrO 2 with metal cation solutions followed by calcination produced supported α-Fe 2 O 3 46-49 with sometimes additional highly dispersed Fe 3+ species present, 48, 49 or, accordingly supported α-Mn 2 O 3 . 50 Solid solutions may also form through solid state reaction between e.g. ZrO 2 and MnO at 1823 K in N 2 . 51 Characteristic of these solid solutions is their structure.
While the monoclinic phase is the thermodynamically stable structure for pure zirconia at room temperature, the tetragonal or the cubic zirconia phase, which are the high temperature polymorphs of ZrO 2 , are stabilized also at room temperature through the incorporation of Fe or Mn.
Whether such incorporation also occurs in the promoted sulfated zirconia catalysts that are not co-precipitated but prepared by the incipient wetness method and calcined at moderate temperatures (823-973 K) has not been clarified. The phase stabilization effect would be obscured for sulfated systems because the presence of sulfate during calcination leads to an increased fraction of tetragonal material in the final product 52, 53 in comparison to pure zirconia. Interesting is the question of whether promoter species in the zirconia lattice and the resulting changes to the lattice are relevant for the catalytic performance. The goal of this paper is to investigate the nature and location of the two most promising promoters of sulfated zirconia. Catalysts with different Mn or Fe content were prepared by the incipient wetness method, and a set of sulfate-free reference compounds was prepared by the co-precipitation method in order to achieve incorporation of Mn and Fe into the zirconia lattice. Experiments were conducted to dissolve surface species of both catalysts and reference compounds. Surface and bulk techniques, specifically ion scattering spectroscopy (ISS), X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS), and electron paramagnetic resonance (EPR) were applied. stream of synthetic air; 3 g of sample were heated in a quartz boat at 3 K min -1 to 923 K and were held at this temperature for 3 h. The compositions of the samples were determined by AAS after digesting the samples in HF in an autoclave. Coprecipitated samples are denoted as xMnZc and xFeZc, with x being the promoter content.
Experimental

Preparation of catalysts
Washing procedures for manganese-zirconia reference samples For the washing procedures with EDTA (HCl) solutions 0.2 g of sample were suspended in 5 ml aqueous solution of 0.1 M Na 2 EDTA (1 M HCl) and stirred for 48 hours at room temperature. After washing and drying the samples were measured by EPR.
Washing procedures for iron-zirconia reference samples
Bulk iron oxides treated in oxygen at high temperatures are in general only partially soluble in mineral acids. The ironpromoted samples, which potentially have iron present on the surface as Fe 2 O 3 particles were thus also subjected to acidic digestion. The sample (0.25 g) was mixed with KHSO 4 (1.5 g) and heated first to 523 K for 30 min (clear melt) and then to 673 K for 15 to 45 min. The resulting gray mass was dissolved in diluted sulfuric acid; the solid residue was washed by water, centrifuged, and dried at 373 K.
Washing procedures for iron-promoted catalyst
About 100 mg sample were suspended in 5 ml 0.1 M oxalic acid and stirred at room temperature. All samples were washed first for 2 h. Three out of four samples underwent a second washing step in 5 ml of fresh 0. ).
Ion scattering spectroscopy
The powders were pressed between two sheets of indium, which was freshly cut from a bar (Goodfellow, 99.999 %), yielding a homogeneous sample layer embedded in indium. Spectra were acquired on a Leybold LHS 12 MCD instrument with a hemispherical analyzer, using 2 keV He + ions and a flood gun.
X-ray diffraction XRD measurements were taken in transmission geometry with a STOE STADI-P X-ray diffractometer using Cu Kα radiation (λ = 1.542 Å) with a focusing Ge primary monochromator. The diffracted radiation was measured using a position-sensitive detector. The samples were measured in part using α-Al 2 O 3 as an internal standard, mixed in a 1:1 weight ratio with the samples. The zirconia lattice constants were refined using the software PowderCell v2. 3 were accounted for in the total weight balance.
X-ray absorption spectroscopy
Fe K edge spectra were measured at Hamburger Synchrotron Radiation Laboratory (HASYLAB) at beamline E4 in the fluorescence mode using a 5 element Ge detector at 90° to the incident beam. The detector channels were adjusted to measure an approximately 600 eV energy range including the Kα radiation at 6403 eV and excluding scattered radiation with greater than 7000 eV energy. The samples (80 mg) were mixed with PE (120 mg) and pressed into 13 mm pellets. The XAS data are presented as the averaged fluorescence signal divided by the incident beam signal. The spectra were energy calibrated to the first inflection of a simultaneously measured Fe foil (7112 eV), and a linear background was subtracted from each file.
Electron paramagnetic resonance
Continuous-wave EPR spectra were recorded on a JEOL JES-RE2X system at X-band frequency and temperatures from 293 to 130 K. The spectra were measured at a microwave frequency of ca. . The influence of the atmosphere (vacuum) on the EPR spectra of Mn 2+ was studied as follows: The samples were heated in high vacuum (10 -4 hPa) for 1 h at 423 K in the EPR tube and then measured. Subsequent measurement was performed after direct introduction of pure oxygen at room temperature.
Catalytic tests
The test reaction, the isomerization of n-butane, was run in a fixed bed tubular plug flow reactor, employing 500 mg of catalyst. The effluent stream was analyzed by on-line gas chromatography with flame ionization detection (Varian 3800, 60 m Chrompack Silica PLOT capillary column). The samples were activated at 723 K and then cooled to the reaction temperature of 338 K (promoted sulfated zirconia) or 358 K (unpromoted sulfated zirconia), all in a 50 ml min 
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value of 20 ppm was subtracted from the isobutane concentration in the effluent stream.
Results
Sample appearance
All samples deepened in color with increasing promoter content. The uncalcined Mn-containing reference samples varied in color from pink via rosy brown (1 wt%) to reddishbrown (>3.5 wt%). After calcination, the samples were bluish-gray (up to 0.5 wt%) to dark-brown (3.5 wt%). The uncalcined Fe-containing samples displayed colors from offwhite (up to 0.5 wt%) via yellow-beige (up to 2.5 wt%) to ochre (> 3 wt% Fe). The calcined reference Fe samples had more or less the same color as the uncalcined ones; some were a shade darker. At an equal Mn content of 2 wt %, the freshly calcined co-precipitated reference sample was slightly more bluish than the sulfate-containing incipient wetness-prepared catalyst. In the case of promotion with 2% Fe, the sulfate-containing incipient wetness-prepared catalyst was more orange-red than the corresponding reference sample.
X-ray diffraction
Diffractograms were recorded only of calcined samples. Figure 1 shows examples of diffractograms taken from MnZc (coprecipitated) and MnSZi (impregnated) samples, specifically an MnZc sample with 1.36 wt% Mn and an MnSZi sample with 2 wt% Mn. For all Mn-containing reference samples, with between 0.27 and 3.53 wt % Mn, the diffractograms were devoid of contributions from the monoclinic phase. Incipient-wetness prepared samples sometimes showed traces of monoclinic ZrO 2 at low Mn contents (0.5 wt%) but not for the higher contents. No reflections indicative of any manganese oxides were observed (maximum Mn content 5 wt%). A difference between the coprecipitated, sulfate-free reference material and the promoted catalyst material becomes evident from the reflections at around 35 and 60°. The separation into two reflections, which is indicative of the tetragonal phase, is clearly recognizable for the catalyst while for the reference material there seems to be only a single reflection as would be the case for the cubic phase. It is reported in the literature, that for highly disordered or very small crystallites the tetragonal and the cubic phase are difficult to distinguish by X-ray diffraction and that the cubic fraction may be underestimated. 56, 57 Because the peaks are still asymmetric, the diffractograms were fit with the pattern of the tetragonal phase. However a mixture of tetragonal and cubic phase can not be excluded. The size of the crystalline domains (tetragonal phase) in all Mndoped samples was within 100-120 Å without any trend with the Mn content.
In Figure 2 , diffractograms of sulfated zirconia and 2% Fepromoted sulfated zirconia (FeSZi) are presented; the narrow reflections in these patterns originate from an internal creasing treatment temperature [58] [59] [60] [61] [62] when initially amorphous material is calcined, and this is reproduced in our results. In comparison of unpromoted and promoted SZ, the presence of Fe or Mn clearly reduces the amount of monoclinic phase that is formed during calcination at 923 K. Figure 3 shows the results of refinement of the lattice constants of tetragonal zirconia (P4 2 /nmc) to the XRD data; specifically the unit cell volume of the tetragonal phase is plotted vs. the promoter content. The largest unit cell volume was observed for a promoter content of zero, i.e. for sulfated zirconia. Both the coprecipitated samples and the sulfate-containing incipient wetness samples show a more or less linear decrease of the unit cell volume with increasing Mn content. The coprecipitated samples have a unit cell volume that is about 0.5% smaller and decreases more rapidly with increasing promoter content than that of the impregnated samples. The data points of the impregnated samples are in line with that of sulfated zirconia. Shrinkage of the unit cell volume is predominantly caused by a shortening along the c axis. In principle similar observations were made for the Fe containing co-precipitated reference compounds, see Figure 4 , which also showed shrinkage of the unit cell with increasing Fe content. For the Fe-doped sulfated zirconia prepared by the incipient wetness method there was seemingly a slight shrinkage of the unit cell volume with the promoter content; however, the change is smaller than the uncertainty. The data points were again in line with that of sulfated zirconia.
Electron paramagnetic resonance
Although a Mn 2+ precursor was used, no signals were detected in the spectra of the uncalcined coprecipitated Mndoped samples. It is not likely that Mn has changed to an EPR silent oxidation state, but rather that an undefined environment of the Mn 2+ ions leads to a broad distribution of crystal fields and thus fine structure parameters, ultimately yielding lines too broad to be observed. , assuming isotropic contributions only, line width ∆B pp = 2 mT, i.e. the Mn 2+ centers do not show any mutual magnetic interactions.
As an example, spectra of 0.27MnZc are presented in Figure  5 . The resolution of the spectra does not allow for identification of forbidden EPR transitions (Δm I = ±1) between the In order to distinguish surface from bulk species, two types of experiments were conducted. The first series of measurements is given by the spectra in Figure 5 , which were obtained of the 0.27MnZc sample in different environments, i.e. vacuum (5a), air (5b), and oxygen (5c). If the Mn 2+ ions were accessible to the gaseous paramagnetic oxygen, the line widths should be broadened. This effect is expected to be pronounced for isolated species showing well resolved hyperfine structure and narrow lines as the MnZc samples with lower manganese content do. The line widths did not change significantly in the spectra recorded of 0.27MnZ in different atmospheres and vacuum, indicating that these Mn 2+ species do not represent surface species. In the second series of experiments, documented by Figures 5d and 6a-6c, it was attempted to remove surface Mn species by suspending the samples for 48 h in 0.1 M EDTA (or 1 M HCl). The spectra of 0.27MnZc before (Figures 5a-5c ) and after washing ( Figure 5d ) are very similar, as are the spectra of 1.36MnZc before (Figure 6a ) and after the washing procedures (Figures 6b, 6c) , indicating that the majority of Mn species was unaffected. The two samples 0.27MnZc and 1.36MnZc were also treated with HCl, a procedure which is reported to dissolve MnO, Mn 2 O 3 , Mn 3 O 4 , and MnO 2 . 44 The solubility of manganese oxide species will, however, strongly depend on the temperature and duration of previous treatments and on the crystallite size. For samples with low manganese content (0.27 wt%) neither the signal intensity nor the spectral parameters changed. The resolved hyperfine structure (sextet) of Mn 2+ did not change for the higher manganese content sample (1.36 wt%). However, the broad line at g ≈ 2 superimposing the sextet changes its structure and g-value. This is due to restructuring of the coordination sphere around the Mn 2+ species as a result of the treatment with HCl or EDTA solution, respectively. The previously octahedral symmetry around the manganese is increasingly disturbed as is evident from the shift of a shoulder toward lower field and lower g-values, indicating that these species are surface species. EPR spectra of Mn-promoted sulfated zirconia with low Mn content (0.5 wt%) showed the same features as the references samples, i.e. a well-resolved hyperfine splitting superimposed by a broader band (Figure 6d ). At a Mn content of 2 wt%, only a very broad signal was detectable.
Only an EPR signal at g = 4.1 was observed for the uncalcined Fe-doped reference samples. All spectra of the calcined Fe-containing reference samples are a superposition of several signals with varying relative intensities arising from Fe 3+ ions in different coordination environments ( Figure 7 ). The spectral patterns are dominated by the fine structure parameters D and E, which are strongly influenced by the symmetry of the paramagnetic centers. Accordingly, Fe 3+ can give rise to a large variety of resonances over a wide range of effective g-values. 63 The signal at g eff = 4.1 is as- Figure 8 shows spectra of 0.26FeZc before (Figure 8a) and after digestion at different temperatures (Figure 8b, 8c ). Treatment at 673 K (Figure 8b ) did not visibly change the spectrum, i.e. no Fe was removed, while digestion at 873 K (Figure 8c ) led to a decrease in all Fe signals. This is due to the beginning of dissolution of the zirconia lattice, and the reduced signal intensity is due to the small amount of catalyst that remained after all treatments. Obviously, the selective dissolution of the supported iron oxides by acid digestion (KHSO 4 melt) did not succeed before the beginning of dissolution of the zirconia support, which can be brought into solution also by this procedure. Analogous effects were observed for samples with 0.63 wt% Fe (Fig.  8d) . The signal at g = 4.1 was not reduced at all by the oxalic acid or KHSO 4 treatment. For higher iron contents the signals at g = 2.030 and g eff = 2.6 / 3.2 are partially reduced in intensity (EPR signal double integration) and their line widths were changed indicating that these species were located on the surface. As already mentioned, for higher Fe contents (≥ 2 wt%) the quantitative interpretation of the EPR spectra of the strongly magnetically interacting iron (oxide) species (as in
intensity because the highest contribution originates from larger Fe 2 O 3 crystallites, which are expected to be much more difficult to dissolve. The incipient wetness prepared Fe-doped samples showed essentially the same features as the references samples, as an example the spectrum of a 2.0FeSzi sample is presented in Figure 7d . Again, the signal at g = 4.1, indicative of isolated Fe 3+ is present.
Ion scattering spectroscopy
Only the sulfate-containing incipient wetness prepared catalysts were analyzed with this method. All ISS spectra showed intense signals of oxygen (broad signal around 815 eV) and zirconium (1675 eV). The signal of sulfur (ca. 1255 eV) was very weak and disappeared after the first few scans because the sample was being sputtered while being analyzed. The signals of Mn and Fe, if detected, were located in the range 1520-1525 eV. These positions are shifted by about 75 eV with respect to the expected value as a result of charging. The top and the bottom spectrum in Figure 9 represent promoted sulfated zirconia samples containing 2 wt% Mn or 2 wt% Fe, respectively. At this promoter content, Fe was detected on the surface while Mn was not. At a nominal Mn content of 3.5 wt%, a weak Mn signal appeared in the spectrum (Figure 9 middle). Figure 10a shows the near edge spectra of a calcined 2.0FeSZi sample, and the same sample after 1 to 4 washing cycles. After the first washing cycle the edge jump height is reduced by 23 ± 3% indicating a corresponding loss of Fe from the sample, after the second washing cycle the edge jump height indicates that the sample has lost about 42 ± 3% of the Fe present in the calcined sample. Further washing did not reduce the amount of Fe in the sample. The XANES Figure 10b shows the difference spectra of the calcined sample minus the average of the spectra taken after the 2 nd , 3 rd , and 4 th washing cycles. The shape of the difference spectra is similar to that of the XANES spectra of Fe 2 O 3 also shown in Figure 10b , but not identical so that additional iron compounds, for instance sulfates, cannot be excluded. Figure 11 shows the n-butane isomerization rate vs. time on stream profiles for sulfated zirconia and a number of incipient-wetness prepared catalysts. In order to obtain a measurable rate unpromoted sulfated zirconia was tested at 358 K; the more active promoted materials were tested at 338 K. The activities of Mn-promoted catalysts (11a) are within the same order of magnitude as those of Fe-promoted catalysts (11b); the promoting effect of Mn is thus verified. At equal promoter content, Mn actually produces a higher maximum activity, and at a promoter content of 0.5 wt% much better long-term activity than Fe. Typical is the slightly longer induction period of the 2 wt% Fe-promoted catalyst in comparison to the corresponding Mn-promoted catalyst. A proa) b) Figure 11 : Rate of n-butane isomerization vs. time-onstream for a set of sulfated zirconia catalysts: a) sulfated zirconia calcined at 923 K (diamonds) and Mn-promoted sulfated zirconia (circles); b) Fe-promoted sulfated zirconia (squares). Open symbols: 0.5 wt%, solid symbols: 2.0 wt%. Conditions: 500 mg catalyst, n-butane partial pressure 1 kPa in nitrogen, total flow 80 ml min -1 flow, reaction temperature 338 K for promoted sulfated zirconia, 358 K for unpromoted sulfated zirconia.
X-ray absorption spectroscopy
moter content of 2 wt% produces a higher maximum activity than a promoter content of 0.5 wt%, but is associated with rapid deactivation.
Discussion
Reference samples: incorporation of Fe and Mn into the zirconia lattice
The reference samples were prepared following the procedures described by Stöcker, 37, 38 i.e. the base was added rapidly to ensure precipitation of Fe or Mn species and Zr species at the same time. In this way, a zirconium hydroxide raw material is obtained that is interspersed with Fe or Mn cations. Incorporation of these ions into the zirconia lattice as the sample crystallizes during calcination is then facilitated. Stabilization of the tetragonal and the cubic phase of zirconia through solid solution formation has been investigated for a wide variety of foreign cations. Particularly yttriastabilized zirconia is technologically important. The general trend for such a stabilization is that at low (a few wt%) dopant level the tetragonal phase is stabilized while at higher dopant level the cubic phase is stabilized. 65 Our Mn-and Fedoped reference compounds parallel this phase behavior with increasing promoter content, which is an indication for incorporation. Phase analysis by X-ray diffraction has been used to follow the incorporation of first row transition metal cations into zirconia; Stöcker, 37 ; its local environment in the zirconia lattice 67, 68 has been debated, and its incorporation evokes an increase in the lattice parameter c with increasing content. 67 The Figure 6 ). Nishizawa et al. 71 inferred that such a superimposed single broad line, which increased with increasing calcium content in their samples, is characteristic of Mn 2+ in a cubic zirconia crystal. Alternatively, dipole-dipole interaction of Mn ions in proximity inside the lattice could be responsible for such a broad line. The fact that washing has little effect on the EPR spectrum of 1.36MnZc indicates a high degree of incorporation at this Mn concentration. For all calcined Fe-doped reference samples signals indicating several different species are observed in the EPR spectra, even at the lowest concentration of 0.26 wt% Fe ( Figure  7 ). The acid digestion attempts conducted with little effect on 0.26FeZc and 0.63FeZc are somewhat inconclusive as it is not clear if incorporated or resilient surface species did not dissolve (Figure 8 ). Taking into account all experimental (preparation, digestion), spectroscopic (EPR parameter and parameter variation, line widths and line widths variation) and literature arguments one can conclude that only the iron signal at g eff = 4.1 corresponds to Fe 3+ incorporated into the zirconia lattice. This Fe 3+ species is also the only one found by Sasaki et al. 70 for Fe 3+ incorporated in Y 2 O 3 -stabilized ZrO 2 single crystals, polycrystals, and powder samples. With respect to the position and local environment of Fe and Mn in the zirconia lattice, it should be mentioned that not even for the well-investigated incorporation of yttrium are all details known. The yttria-zirconia system is considered a substitutional solution; clustering of oxygen vacancies and yttrium ions with the formation of YO 6 units that can have near-octahedral coordination has been proposed, 68 but other authors report an eight-fold coordination around yttrium inside tetragonal as well as cubic zirconia. 67 Our EPR data are consistent with a highly symmetric environment for Mn 2+ and Fe
3+
; we are currently investigating the exact nature of the surrounding by quantum-chemistry supported analysis of EPR spectra and fitting of EXAFS data. For Mn, XRD and EPR data consistently point towards a high degree of incorporation: steady shrinkage of the unit cell with increasing Mn content (Figure 3 ), no success of washing experiments. Further support for incorporation of considerable amounts comes from Valigi et al. who did not observe (XRD) any manganese oxide at a content of 7.79 wt% Mn, but only at 11.5 wt%. For Fe, the XRD data also reveal a steady shrinkage of the unit cell (Figure 4 ), but the EPR spectra indicate extra-lattice Fe species. It would be intriguing to use the correlation between unit cell volume and promoter content as a calibration line to determine the incorporated fraction of promoter in any catalyst sample. However, for Mn the high likelihood for the simultaneous presence of several oxidation states renders this nearly impossible. Additionally, a decrease in c/a was found at constant yttrium content with decreasing particle size (tuned by treatment temperature). 72 The unit cell volume thus depends on several factors and is no simple measure of the promoter content. As the size of the crystalline domains in our reference samples did not have any particular trend with the promoter content, the particle size effect can be excluded.
Evidence of incorporation of Fe or Mn in promoted sulfated zirconia catalysts
For the Mn-promoted sulfated zirconia samples that were prepared by the incipient wetness method, all data consistently point towards incorporation of the promoters into the zirconia lattice. XRD analysis reveals the stabilization of the tetragonal phase in comparison to Mn-free sulfated zirconia that was calcined under the same conditions (Figures 1 and  2) . A shrinking unit cell volume with increasing Mn content is also observed (Figure 3 ), although the slope is not as steep as for the Mn reference materials. This does not automatically mean that incorporation into the bulk is incomplete as many parameters influence the unit cell volume and the presence of sulfate obscures the results. The intercept with the y-axis, i.e. the (projected) unit cell volume in absence of Mn, is different for sulfated and non-sulfated samples (Figure 3) . A strong argument for rather complete incorporation is given by the ISS data; no Mn is detected by this highly surface-sensitive method for lower Mn contents (2 wt% and less, Figure 9 ). Further evidence arises from Mn K edge XANES spectra, 18 (Figure 2 ), suggesting incorporation of Fe into the zirconia lattice. The unit cell data (Figure 4 ) are, however, inconclusive in that there is no contraction of the lattice with increasing promoter content. Most literature and all of our data point towards Fe(III) as the single oxidation state and accordingly, other than for Mn, the unit cell volume should be free of an influence of different oxidation states. Evidence for incorporation arises from EPR spectra (Figure 7d) , which show the presence of isolated Fe 3+ species in highly symmetric environment (g = 4.1). The EPR spectra also indicate oxidic Fe surface species, and the ISS data ( Figure 9 ) confirm a considerable Fe surface concentration. Incorporation is thus by no means complete. Consistent with partial incorporation, and at variance with the results obtained for the reference compounds, the washing experiments succeeded in removing Fe ( Figure  10 ). About 42% of the Fe could be removed by successive treatments; again, it is not guaranteed that all surface species dissolve in oxalic acid, i.e. the 42% represent a minimum amount for the surface species. In agreement with EPR data, the difference spectrum representing the washed-off component resembles that of Fe 2 O 3 ; this interpretation is also consistent with the reddish color of the samples. In comparison to Mn, Fe incorporation into the zirconia lattice is less complete when the materials are prepared by the incipient wetness method.
Fe as a single promoter has drawn more attention in the literature than Mn because there is agreement on its promoting effect and because it is the major component in the wellinvestigated mixed promoted Fe, Mn sulfated zirconia (typically 1.5 wt% Fe, 0.5 % Mn). 23 who did not detect Mn with XPS, although 0.5 wt% Mn should be within the detection limit. XPS can thus easily mislead: usually, low promoter to support signal intensity ratios are interpreted as poor dispersion of the promoter on the surface, but if the promoter is incorporated, XPS will also give a low promoter to support intensity ratio.
Implications of the presence of bulk and surface promoter species for catalysis
The paramount question arising from the characterization of the manganese or iron promoted sulfated zirconia is whether surface or bulk species are responsible for the promoting effect. Unfortunately, the washing procedures performed on the FeSZi did not only remove the Fe surface species but also sulfate, so that the catalytic activity of these materials would not reflect that of an Fe-promoted sulfated zirconia with only bulk iron species. Our catalysis results show that at a content of 0.5 wt%, Mn has a stronger promotional effect than Fe (Figure 11 ). At a promoter content of 2 wt%, the Mn-promoted catalyst exhibits higher activity than the Fe-promoted catalyst within the first hour; but after 5 h on stream the situation is reversed. Differences in assessment of promoters in the literature, in part, result from this rapid change in performance. The higher maximum rate (conversion) that is achieved at high promoter content is of questionable benefit as long as it is accompanied by rapid deactivation. The decline in isomerization rate may be a result of coking 76 and it has been shown that high activity of promoted catalysts can be conserved by addition of Pt to the catalyst and H 2 to the feed. 77 At a Mn content of 2 wt%, no Mn is detected at the surface by ISS, yet we find a high maximum activity. Either very few Mn surface atoms are responsible for a high turnover or there is indeed some promoting effect through Mn that is incorporated into the zirconia lattice. The distribution of Mn and Fe to surface and bulk is definitely very different, i.e. Mn is predominantly incorporated while Fe is to a significant extent present as surface species. Without knowing the role of the chemistry of the two elements, identification of surface or bulk species as origin of the promoting effect is difficult; variation of the surface and bulk fraction of a single element would allow for more conclusive statements. An argument for a role of surface species in the promoting effect comes from Miao`s tests. 19 He prepared catalysts by co-precipitation, which should thus resemble our reference materials with a high degree of incorporation, and he observed a weak promoting effect for iron and a negative effect for Mn. On the other hand, some transition metals (Cr) developed a good promoting effect despite the preparation method. Another argument for the relevance of surface species arises from Arata's 78 experiments, which showed that sulfated zirconia can be promoted for butane isomerization by physically mixing it with Fe 2 O 3 . These mixtures were calcined at 673 K and above. A number of arguments speak for the promoting effect being caused by Mn or Fe species in the bulk. First of all, the stabilization of the tetragonal phase should have a positive effect on the catalytic activity; the monoclinic phase has also been reported as active, but less so. 79 It has been suspected that the promoters act by generating alkenes through oxidative dehydrogenation. 25, 35 If this was indeed the function of the promoters, then it would be remarkable that Mn/ZrO 2 is used as n-butane oxidation catalyst and works best if a solid solution is formed. 41 Many first row transition metal cations -Mn, Fe, Co, Ni-are promoters for sulfated zirconia and while their redox potentials are different they may all have a common function via incorporation. All these promoters feature stable oxidation states that are lower valent than zirconium in zirconia, meaning that their incorporation must lead to oxygen vacancies for charge compensation. Accordingly, the promoters change the structural and electronic properties of the catalysts' bulk. Near the surface such oxygen vacancies could create sites with a high degree of unsaturation, i.e. strongly acidic Lewis sites. However, sites of extraordinary acidity have not yet been found. If the solid solution formation was crucial, one would hope for a correlation between catalytic performance and bulk structural data. For the Mn-doped samples, the catalytic activity seemingly improves with increasing contraction of the lattice. With further increasing promoter content, this positive effect is eventually diminished as bulk promoter oxides cover active surface sites. However, the data points are few, and no such correlation is seen for Fe-doped samples. Furthermore, catalysts that were made from the same raw material (same promoter content) by calcination in differently sized batches exhibit very similar unit cell parameters yet perform very differently in n-butane isomerization. 54, 80 It appears that there is no simple correlation of catalytic activity and unit cell parameters. However, as stated above, the unit cell volume is a function of several parameters and effects may cancel each other out, yielding coinciding unit cell data. Experiments on the state of the promoters during or after reaction may deliver information on whether the promoters are directly involved into the isomerization reaction or not. Iron was found reduced to Fe 2+ after n-butane isomerization, and oxidative dehydrogenation to give alkenes was suggested as the promoting effect. 35 We have investigated the for Fe and not for Mn, where our experience says that Mn should be incorporated more easily. In order to achieve more consistent information on these promoted catalysts, the preparative potential needs to be exhausted in that the promoters are added in a controlled manner.
Summary
The promoters Fe and Mn are in part incorporated into the zirconia lattice in promoted sulfated zirconia catalysts; incorporation was concluded from XRD, EPR, ISS, and XANES data, and from the comparison of these characterization data to those of a series of sulfate-free reference compounds with deliberately incorporated promoters (via coprecipitation). Mn and Fe gave rise to narrow, wellresolved EPR lines indicative of isolated species in a highly symmetric environment. Mn and Fe can be used as probes inside the zirconia lattice for better understanding of its bulk properties. In a typical catalyst containing about 2 wt% promoter metal, incorporated and surface promoter species may coexist. At 2 wt% promoter content, ISS showed Fe at the surface but not Mn, indicating a higher degree of incorporation of Mn for our catalyst preparations. The extra-lattice Fe formed an Fe 2 O 3 -like species that accounted for at least 50% of the Fe and could be removed by washing with oxalic acid as shown by XANES.
The incorporation leads to a stabilization of the tetragonal (or cubic) ZrO 2 structure. The unit cell volume of the tetragonal phase shrank with increasing promoter content for the reference compounds and for Mn-promoted sulfated zirconia; there was no clear trend for Fe-promoted sulfated zirconia. It was not possible to correlate the catalytic performance with simple bulk structural information such as the unit cell parameters. The more or less complete incorporation of Mn suggests that embedded species in surface-near regions are responsible for the promotional effect. The lower valent promoter cations produce oxygen vacancies (defects) in the zirconia lattice; near the surface such defects are equivalent to surface cations with a high degree of unsaturation. In cooperation with sulfate groups such sites could be responsible for the high isomerization activity of promoted sulfated zirconia catalysts.
